Study of eta-eta ' mixing from measurement of B-(s)(0) -&gt; J/psi eta((')) decay rates by Aaij, R. et al.
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Study of eta-eta ' mixing from measurement of B-(s)(0) -> J/psi
eta((')) decay rates
Citation for published version:
Aaij, R, Adeva, B, Adinolfi, M, Affolder, A, Ajaltouni, Z, Akar, S, Albrecht, J, Alessio, F, Alexander, M, Ali, S,
Alkhazov, G, Alvarez Cartelle, P, Alves, AA, Amato, S, Amerio, S, Amhis, Y, An, L, Anderlini, L, Anderson,
J, Andreassen, R, Andreotti, M, Andrews, JE, Appleby, RB, Aquines Gutierrez, O, Archilli, F, Artamonov, A,
Artuso, M, Aslanides, E, Auriemma, G, Baalouch, M, Bachmann, S, Back, JJ, Badalov, A, Baesso, C,
Baldini, W, Barlow, RJ, Barschel, C, Barsuk, S, Barter, W, Batozskaya, V, Battista, V, Carson, L, Clarke,
PEL, Cowan, GA, Craik, D, Eisenhardt, S, Gambetta, S, Muheim, F, Needham, M, Playfer, S & LHCb
collaboration 2015, 'Study of eta-eta ' mixing from measurement of B-(s)(0) -> J/psi eta((')) decay rates'
Journal of High Energy Physics, vol. 1501, no. 1, 024, pp. 1-24. DOI: 10.1007/JHEP01(2015)024
Digital Object Identifier (DOI):
10.1007/JHEP01(2015)024
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record
Published In:
Journal of High Energy Physics
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 05. Apr. 2019
J
H
E
P
0
1
(
2
0
1
5
)
0
2
4
Published for SISSA by Springer
Received: November 5, 2014
Accepted: November 26, 2014
Published: January 8, 2015
Study of η–η′ mixing from measurement of
B0(s)→ J/ψη(′) decay rates
The LHCb collaboration
E-mail: Ivan.Belyaev@itep.ru
Abstract: A study of B and B0s meson decays into J/ψη and J/ψη
′ final states is performed
using a data set of proton-proton collisions at centre-of-mass energies of 7 and 8 TeV,
collected by the LCHb experiment and corresponding to 3.0 fb−1 of integrated luminosity.
The decay B0 → J/ψη′ is observed for the first time. The following ratios of branching
fractions are measured:
B(B0 → J/ψη′)
B(B0s → J/ψη′)
= (2.28± 0.65 (stat)± 0.10 (syst)± 0.13 (fs/fd))× 10−2,
B(B0 → J/ψη)
B(B0s → J/ψη)
= (1.85± 0.61 (stat)± 0.09 (syst)± 0.11 (fs/fd))× 10−2,
where the third uncertainty is related to the present knowledge of fs/fd, the ratio between
the probabilities for a b quark to form a B0s or a B
0 meson. The branching fraction ratios
are used to determine the parameters of η−η′ meson mixing. In addition, the first evidence
for the decay B0s → ψ(2S)η′ is reported, and the relative branching fraction is measured,
B(B0s → ψ(2S)η′)
B(B0s → J/ψη′)
= (38.7± 9.0 (stat)± 1.3 (syst)± 0.9(B))× 10−2,
where the third uncertainty is due to the limited knowledge of the branching fractions of
J/ψ and ψ(2S) mesons.
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1 Introduction
Decays of beauty mesons to two-body final states containing a charmonium resonance (J/ψ ,
ψ(2S), χc, ηc, . . . ) allow the study of electroweak transitions, of which those sensitive
to charge-parity (CP ) violation are especially interesting. In addition, a study of these
decays provides insight into strong interactions at low-energy scales. The hypothesis that
η and η′ mesons contain gluonic and intrinsic cc components has long been used to explain
experimental results, including the recent observations of large branching fractions for some
decay processes of J/ψ and B mesons into pseudoscalar mesons [1, 2].
The rates of B0(s)→ J/ψη(′) decays are of particular importance because of their relation
to the η − η′ mixing parameters and to a possible contribution of gluonic components in
the η′ meson [1, 3, 4]. These decays proceed via formation of a η(′) state from dd (for
B0 mesons) and ss (for B0s mesons) quark pairs (see figure 1).
The physical η(′) states are described in terms of isospin singlet states |ηq〉 = 1√2
(|uu〉+
|dd〉) and |ηs〉 = |ss〉, the glueball state |gg〉, and two mixing angles ϕP and ϕG [5–7],
|η〉 = cosϕP|ηq〉 − sinϕP|ηs〉, (1.1a)
|η′〉 = cosϕG (sinϕP|ηq〉+ cosϕP|ηs〉) + sinϕG |gg〉. (1.1b)
The contribution of the |gg〉 state to the physical η state is expected to be highly sup-
pressed [8–12], and is therefore omitted from eq. (1.1a). The mixing angles can be related
to the B0(s)→ J/ψη(′) decay rates [3],
tan4 ϕP =
R′
R′s
, cos4 ϕG = R
′R′s, (1.2)
– 1 –
J
H
E
P
0
1
(
2
0
1
5
)
0
2
4
b bc c
d sd s
c c
d s
J/ψ J/ψ
η,η′ η,η′
B0 B0s
W+ W+
Figure 1. Leading-order Feynman diagrams for the decays B0(s)→ J/ψη(′).
where
R′(s) ≡ R(s)
Φη(s)
Φη
′
(s)
3 , R(s) ≡ B(B0(s)→ J/ψη′)B(B0(s)→ J/ψη) , (1.3)
and Φη
(′)
(s) are phase-space factors for the B
0
(s)→ J/ψη(′) decays.
The results for the mixing angles obtained from analyses of B0(s)→ J/ψη(′) decays [13–
16] are summarised in table 1, together with references to the corresponding measurements
based on J/ψ and light meson decays [6, 7, 17–27] and semileptonic D meson decays [1,
28, 29]. The important role of η − η′ mixing in decays of charm mesons to a pair of
light pseudoscalar mesons as well as decays into a light pseudoscalar and vector meson is
discussed in refs. [30–32]. The η − η′ mixing was previously studied in colour-suppressed
B decays to open charm [33] and experiments on pi− and K− beams [34].
In this paper, the measurement of the ratios of branching fractions for B0(s) → ψη(′) de-
cays is presented, where ψ represents either the J/ψ or ψ(2S) meson, and charge-conjugate
decays are implicitly included. The study uses a sample corresponding to 3.0 fb−1 of
pp collision data, collected with the LHCb detector [35] at centre-of-mass energies of 7 TeV
in 2011 and 8 TeV in 2012. The results are reported as
Rη′ ≡ B(B
0→ J/ψη′)
B(B0s→ J/ψη′)
, Rη ≡ B(B
0→ J/ψη)
B(B0s→ J/ψη)
,
R ≡ B(B
0 → J/ψη′)
B(B0 → J/ψη) , Rs ≡
B(B0s → J/ψη′)
B(B0s → J/ψη)
, (1.4)
Rψ(2S) ≡
B(B0s→ ψ(2S)η′)
B(B0s→ J/ψη′)
.
Due to the similar kinematic properties, decay topology and selection requirements applied,
many systematic uncertainties cancel in the ratios.
2 LHCb detector and simulation
The LHCb detector [35] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
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Refs. ϕP ϕG ϕP(ϕG = 0)
[6, 7, 17–23] – — 37.7 – 41.5
[24, 26] 41.4± 1.3 12± 13 41.5± 1.2
[27] 44.6± 4.4 32 + 11− 22 40.7± 2.3
[1, 28, 29] 40.0± 3.0 23.3± 31.6 37.7± 2.6
[14] – — < 42.2 @ 90% CL
[16] – — 45.5 + 1.8− 1.5
Table 1. Mixing angles ϕG and ϕP (in degrees). The third column corresponds to measurements
where the gluonic component is neglected. Total uncertainties are quoted.
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [36], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes [37] placed downstream of the magnet. The tracking system
provides a measurement of momentum, p, with a relative uncertainty that varies from 0.4%
at low momentum to 0.6% at 100 GeV/c. The minimum distance of a track to a primary
vertex (PV), the impact parameter, is measured with a resolution of (15+29/pT)µm, where
pT is the component of momentum transverse to the beam, in GeV/c. Different types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov de-
tectors [38]. Photon, electron and hadron candidates are identified by a calorimeter system
consisting of a scintillating-pad detector (SPD), preshower detectors (PS), an electromag-
netic calorimeter and a hadronic calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional chambers [39].
This analysis uses events collected by triggers that select the µ+µ− pair from the ψ de-
cay with high efficiency. At the hardware stage a muon with pT > 1.5 GeV/c or a pair of
muons is required to trigger the event. For dimuon candidates, the product of the pT of
muon candidates is required to satisfy
√
pT1pT2 > 1.3 GeV/c and
√
pT1pT2 > 1.6 GeV/c for
data collected at
√
s = 7 and 8 TeV, respectively. At the subsequent software trigger stage,
two muons are selected with an invariant mass in excess of 2.97 GeV/c2 and consistent
with originating from a common vertex. The common vertex is required to be significantly
displaced (3σ) from the pp collision vertices.
In the simulation, pp collisions are generated using Pythia [40, 41] with a specific
LHCb configuration [42]. Decays of hadronic particles are described by EvtGen [43],
in which final-state radiation is generated using Photos [44]. The interaction of the
generated particles with the detector, and its response, are implemented using the Geant4
toolkit [45, 46] as described in ref. [47].
3 Event selection
Signal decays are reconstructed using the ψ→ µ+µ− decay. For the B0(s)→ ψη′ channels,
η′ candidates are reconstructed using the η′ → ρ0γ and η′ → ηpi+pi− decays, followed
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by ρ0 → pi+pi− and η → γγ decays. For the B0(s) → J/ψη channels, η candidates are
reconstructed using the η→ pi+pi−pi0 decay, followed by the pi0→ γγ decays. The η→ γγ
decay, which has a larger branching fraction and reconstruction efficiency, is not used
for the reconstruction of B0(s)→ J/ψη candidates due to a worse mass resolution, which
does not allow to resolve the B0s and B
0 peaks [16, 48]. The selection criteria, which follow
refs. [16, 48], are common to all decay channels, except for the requirements directly related
to the photon kinematic properties.
The muons and pions must be positively identified using the combined information
from RICH, calorimeter, and muon detectors [49, 50]. Pairs of oppositely charged particles,
identified as muons, each having pT > 550 MeV/c and originating from a common vertex,
are combined to form ψ→ µ+µ− candidates. The resulting dimuon candidate is required to
form a good-quality vertex and to have mass between −5σ and +3σ around the known J/ψ
or ψ(2S) masses [51], where the mass resolution σ is around 13 MeV/c2. The asymmetric
mass intervals include the low-mass tail due to final-state radiation.
The charged pions are required to have pT > 250 MeV/c and to be inconsistent with
being produced in any primary vertex. Photons are selected from neutral energy clusters
in the electromagnetic calorimeter, i.e. clusters that do not match the geometrical extrap-
olation of any track [50]. The photon quality criteria are further refined by exploiting
information from the PS and SPD detectors. The photon candidate’s transverse momen-
tum inferred from the energy deposit is required to be greater than 500 MeV/c for η′→ ρ0γ
and η→ γγ candidates, and 250 MeV/c for pi0→ γγ candidates. In order to suppress
the large combinatorial background from pi0→ γγ decays, photons that, when combined
with another photon in the event, form a pi0→ γγ candidate with mass within 25 MeV/c2
of the pi0 mass (corresponding to about ±3σ around the known mass) are not used in
the reconstruction of η′→ ρ0γ candidates. The pi+pi− mass for the η′→ ρ0γ channel is
required to be between 570 and 920 MeV/c2. Finally, the masses of pi0, η and η′ candi-
dates are required to be within ±25 MeV/c2, ±70 MeV/c2 and ±60 MeV/c2 from the known
values [51], where each range corresponds approximately to a ±3σ interval.
The B0(s) candidates are formed from ψη
(′) combinations with pT(η(′)) > 2.5 GeV/c.
To improve the mass resolution, a kinematic fit is applied [52]. This fit constrains the masses
of intermediate narrow resonances to their known values [51], and requires the B0(s) can-
didate’s momentum to point back to the PV. A requirement on the quality of this fit is
applied in order to further suppress background.
Finally, the measured proper decay time of the B0(s) candidate, calculated with re-
spect to the associated primary vertex, is required to be between 0.1 mm/c and 2.0 mm/c.
The upper limit is used to remove poorly reconstructed candidates.
4 Study of B0(s)→ J/ψη′nd B0(s)→ J/ψη decays with η′→ ηpi+pi− and
η→ pi+pi−pi0
The mass distributions of the selected B0(s)→ J/ψη′ and B0(s)→ J/ψη candidates are shown
in figure 2, where the η′ and η states are reconstructed in the ηpi+pi− and pi0pi+pi− decay
modes, respectively. The B0(s) → J/ψη(′) signal yields are estimated by unbinned extended
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Figure 2. Mass distributions of (a) B0(s)→ J/ψη′ and (b) B0(s)→ J/ψη candidates. The decays
η′→ ηpi+pi− and η→ pi+pi−pi0 are used in the reconstruction of J/ψη′ and J/ψη candidates, respec-
tively. The total fit function (solid blue) and the combinatorial background contribution (dashed
black) are shown. The long-dashed red line represents the signal B0s contribution and the yellow
shaded area shows the B0 contribution.
Mode NB0s NB0
m0 σ[
MeV/c2
] [
MeV/c2
]
B0(s)→ J/ψη′ 333± 20 26.8± 7.5 5367.8± 1.1 15.1± 1.0
B0(s)→ J/ψη 524± 27 34± 11 5367.9± 1.0 17.5± 1.1
Table 2. Fit results for the numbers of signal events (NB0
(s)
), B0s signal peak position (m0) and mass
resolution (σ) in B0(s)→ J/ψη′ and B0(s)→ J/ψη decays, followed by η′→ ηpi+pi− and η→ pi+pi−pi0
decays, respectively. The quoted uncertainties are statistical only.
maximum-likelihood fits. The B0s and B
0 signals are modelled by a modified Gaussian
function with power-law tails on both sides [53], referred to as “F function” throughout
the paper. The mass resolutions of the B0s and B
0 peaks are the same; the difference
of the peak positions is fixed to the known difference between the B0s and the B
0 meson
masses [51] and the tail parameters are fixed to simulation predictions. The background
contribution is modelled by an exponential function. The fit results are presented in table 2.
For both final states, the fitted position of the B0s peak is consistent with the known
B0s mass [51] and the mass resolution is consistent with simulations.
The significance for the low-yield B0 decays is determined by simulating a large number
of simplified experiments containing only background. The probability for the background
fluctuating to yield a narrow excess consisting of at least the number of observed events is
2.6× 10−6 (2.0× 10−4), corresponding to a significance of 4.7 (3.7) standard deviations in
the B0→ J/ψη′ (B0→ J/ψη) channel.
To verify that the signal originates from B0(s) → J/ψη(′) decays, the sPlot technique is
used to disentangle signal and the background components [54]. Using the µ+µ−pi+pi−γγ
mass distribution as the discriminating variable, the distributions of the masses of the
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Figure 3. Background subtracted J/ψ → µ+µ− (a, b), η′→ ηpi+pi− (c, d) and η→ γγ (e, f) mass
distributions in B0(s)→ J/ψη′ decays. The figures (a, c, e) correspond to B0s decays and the figures (b,
d, f) correspond to B0 decays. The solid curves represent the total fit functions.
intermediate resonances are obtained. For each resonance in turn the mass window is
released and the mass constraint is removed, keeping other selection criteria as in the base-
line analysis. The background-subtracted mass distributions for η′→ ηpi+pi−, η→ γγ and
J/ψ → µ+µ− combinations from B0(s)→ J/ψη′ signal candidates are shown in figure 3 and
the mass distributions for η→ pi+pi−pi0, pi0 → γγ and J/ψ → µ+µ− from B0(s) → J/ψη
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Figure 4. Background subtracted J/ψ → µ+µ− (a, b), η→ pi+pi−pi0 (c, d) and pi0→ γγ (e, f) mass
distributions in B0(s)→ J/ψη decays. The figures (a, c, d) correspond to B0s decays and the figures (b,
d, f) correspond to B0 decays. The solid curves represent the total fit functions.
signal candidates are shown in figure 4. Prominent signals are seen for all intermediate
resonances. The yields of the various resonances are estimated using unbinned maximum-
likelihood fits. The signal shapes are parameterised using F functions with tail parameters
fixed to simulation predictions. The non-resonant component is modelled by a constant
function. Due to the small B0 sample size, the widths of the intermediate resonances
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Figure 5. Mass distributions of (a) B0(s) → J/ψη′ and (b) B0(s) → ψ(2S)η′ candidates, where
the η′ state is reconstructed using the η′ → ρ0γ decay. The total fit function (solid blue) and
the combinatorial background contribution (short-dashed black) are shown. The long-dashed red
line shows the signal B0s contribution and the yellow shaded area corresponds to the B
0 contribution.
The contribution of the reflection from B0 → ψK∗0 decays is shown by the green dash-dotted line.
are fixed to the values obtained in the B0s channel, and the peak positions are fixed to
the known values [51]. The resulting yields are in agreement with the yields in table 2,
the mass resolutions are consistent with expectations from simulation, and peak positions
agree with the known meson masses [51]. The sizes of the non-resonant components are
consistent with zero for all cases, supporting the hypothesis of a fully resonant structure
for the decays B0(s)→ J/ψη(′).
5 Study of B0(s)→ ψη′ decays with η′→ ρ0γ
The mass distributions of the selected ψη′ candidates, where the η′ state is reconstructed
using the η′→ ρ0γ decay, are shown in figure 5. The B0(s)→ ψη′ signal yields are estimated
by unbinned extended maximum-likelihood fits, using the model described in section 4.
Studies of the simulation indicate the presence of an additional background due to feed-
down from the decay B0 → ψK∗0, followed by the K∗0 → K+pi− decay. The charged
kaon is misidentified as a pion and combined with another charged pion and a random
photon to form an η′ candidate. This background contribution is modelled in the fit using
a probability density function obtained from simulation. The fit results are summarised
in table 3. For both final states, the positions of the signal peaks are consistent with
the known B0s mass [51] and the mass resolutions agrees with those of the simulation.
The statistical significances of the B0s→ ψ(2S)η′ and B0→ J/ψη′ signals are determined
by a simplified simulation study, as described in section 4. The significances are found to
be 4.3σ and 3.5σ for B0s→ ψ(2S)η′ and B0→ J/ψη′, respectively. By combining the latter
result with the significances of the decay B0→ J/ψη′ with η′→ ηpi+pi−, a total significance
of 6.1σ is obtained, corresponding to the first observation of this decay.
The presence of the intermediate resonances is verified following the procedure de-
scribed in section 4. The resulting mass distributions for η′ → ρ0γ and ψ → µ+µ−
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Figure 6. Background subtracted ψ→ µ+µ− (a, b) and η′ → pi+pi−γ (c, d) mass distributions in
B0s→ ψη′ decays. The figures (a, c) correspond to the J/ψ channel, and the figures (b, d) correspond
to the ψ(2S) channel. The solid curves represent the total fit functions.
candidates from B0s→ ψη′ candidates are shown in figure 6, where prominent signals are
observed. The signal components are modelled by F functions. In the ψ(2S) case the
means and widths of the signal components are fixed to simulation predictions. The yields
of the intermediate resonances are in agreement with the yields from table 3. The peak
positions agree with the known masses [51]. The sizes of the non-resonant components
are consistent with zero for all intermediate states, supporting the hypothesis of a fully
resonant structure of the decays B0s→ ψη′.
6 Efficiencies and systematic uncertainties
The ratios of branching fractions are measured using the formulae
Rη(′) =
NB0→J/ψη(′)
NB0s→J/ψη(′)
εB0s→J/ψη(′)
εB0→J/ψη(′)
fs
fd
, (6.1)
R(s) =
NB0
(s)
→J/ψη′
NB0
(s)
→J/ψη
εB0
(s)
→J/ψη
εB0
(s)
→J/ψη′
B (η→ pi+pi−pi0)
B (η′→ ηpi+pi−)
B (pi0→ γγ)
B (η→ γγ) , (6.2)
Rψ(2S) =
NB0s→ψ(2S)η′
NB0s→J/ψη′
εB0s→J/ψη′
εB0s→ψ(2S)η′
B(J/ψ → µ+µ−)
B(ψ(2S)→ µ+µ−) , (6.3)
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Mode NB0s NB0
m0 σ[
MeV/c2
] [
MeV/c2
]
B0(s)→ J/ψη′ 988± 45 71± 22 5367.6± 0.5 9.9± 0.6
B0(s)→ ψ(2S)η′ 37.4± 8.5 8.7± 5.1 5365.8± 1.9 7.4± 1.7
Table 3. Fitted values of the number of signal events (NB0
(s)
), B0s signal peak position (m0) and
mass resolution (σ) in B0(s)→ ψη′ decays, followed by the η′→ ρ0γ decay. The quoted uncertainties
are statistical only.
Measured ratio Efficiency ratio
Rη′ 1.096± 0.006
Rη 1.104± 0.006
Rs 1.059± 0.006
R 1.052± 0.006
Rψ(2S) 1.352± 0.016
Table 4. Ratios of the total efficiencies as defined in eqs. (6.1)–(6.3). The quoted uncertainties are
statistical only and reflect the sizes of the simulated samples.
where N represents the observed yield, ε is the total efficiency and fs/fd is the ratio
between the probabilities for a b quark to form a B0s and a B
0 meson. Equal values of
fs/fd = 0.259 ± 0.015 [55–58] at centre-of-mass energies of 7 TeV and 8 TeV are assumed.
The branching fractions for η, η′ and pi0 decays are taken from ref. [51]. For the ratio of
the J/ψ → µ+µ− and ψ(2S)→ µ+µ− branching fractions, the ratio of dielectron branching
fractions, 7.57± 0.17 [51], is used.
The total efficiency is the product of the geometric acceptance, and the detection,
reconstruction, selection and trigger efficiencies. The ratios of efficiencies are deter-
mined using simulation. For R(s), the efficiency ratios are further corrected for the small
energy-dependent difference in photon reconstruction efficiency between data and simu-
lation. The photon reconstruction efficiency has been studied using a large sample of
B+ → J/ψK∗+ decays, followed by K∗+ → K+pi0 and pi0→ γγ decays [16, 48, 59, 60]. The
correction for the ratios εB0
(s)
→J/ψη/εB0
(s)
→J/ψη′ is estimated to be (94.9±2.0)%. For the Rη(′)
and Rψ(2S) cases no such corrections are required because photon kinematic properties are
similar. The ratios of efficiencies are presented in table 4. The ratio of efficiencies for
the ratio Rψ(2S) exceeds the others due to the pT(η
′) > 2.5 GeV/c requirement and the
difference in pT(η
′) spectra between the two channels.
Since the decay products in each of the pairs of channels involved in the ratios have
similar kinematic properties, most uncertainties cancel in the ratios, in particular those
related to the muon and ψ reconstruction and identification. The remaining systematic
uncertainties, except for the one related to the photon reconstruction, are summarised in
table 5 and discussed below.
Systematic uncertainties related to the fit model are estimated using alternative models
for the description of the mass distributions. The tested alternatives are first- or second-
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Channel Rη′ Rη Rs R Rψ(2S)
Photon reconstruction — — 2.1 2.1 —
Fit model 2.9 2.9 0.8 2.6 1.2
Data-simulation agreement 2.9 3.7 3.7 3.7 2.9
Trigger 1.1 1.1 1.1 1.1 1.1
Simulation conditions 1.4 1.5 0.8 1.1 0.9
Total 4.5 5.1 4.5 5.2 3.4
Table 5. Systematic uncertainties (in %) of the ratios of the branching fractions.
degree polynomial functions for the background description, a model with floating mass
difference between B0 and B0s peaks, and a model with Student’s t-distributions for the sig-
nal shapes. For the B0(s)→ J/ψη′ followed by η′→ ηpi+pi− decays, and B0(s)→ J/ψη decays,
an additional model with signal widths fixed to those obtained in simulation is tested. For
each alternative fit model, the ratio of event yields is calculated and the systematic uncer-
tainty is determined as the maximum deviation from the ratio obtained with the baseline
model. The resulting uncertainties range between 0.8% and 2.9%.
Another important source of systematic uncertainty arises from the potential disagree-
ment between data and simulation in the estimation of efficiencies, apart from those related
to pi0 and γ reconstruction. This source is studied by varying the selection criteria, listed
in section 3, in ranges that lead to as much as 20% change in the measured signal yields.
The agreement is estimated by comparing the efficiency-corrected yields within these vari-
ations. The largest deviations range between 2.9% and 3.7% and these values are taken as
systematic uncertainties.
To estimate a possible systematic uncertainty related to the knowledge of the B0s pro-
duction properties, the ratio of efficiencies determined without correcting the B0s transverse
momentum and rapidity spectra is compared to the default ratio of efficiencies determined
after the corrections. The resulting relative difference is less than 0.2% and is therefore
neglected. The trigger is highly efficient in selecting B0(s) meson decays with two muons in
the final state. For this analysis the dimuon pair is required to be compatible with trigger-
ing the event. The trigger efficiency for events with ψ→ µ+µ− produced in beauty hadron
decays is studied in data. A systematic uncertainty of 1.1% is assigned based on the com-
parison of the ratio of trigger efficiencies for samples of B+ → J/ψK+ and B+ → ψ(2S)K+
decays in data and simulation [61]. The final systematic uncertainty originates from the
dependence of the geometric acceptance on the beam crossing angle and the position of
the luminosity region. The observed channel-dependent 0.8%–1.5% differences are taken
as systematic uncertainties. The effect of the exclusion of photons that potentially origi-
nate from pi0→ γγ candidates is studied by comparing the efficiencies between data and
simulation. The difference is found to be negligible. The total uncertainties in table 5 are
obtained by adding the individual independent uncertainties in quadrature.
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7 Results and conclusions
The ratios of branching fractions involving B0(s)→ J/ψη(′) decays, Rη(′) and R(s), are deter-
mined using eqs. (6.1) and (6.2) with the results from sections 4, 5 and 6,
Rη′ =
B(B0→ J/ψη′)
B(B0s→ J/ψη′)
= (2.28± 0.65 (stat)± 0.10 (syst)± 0.13 (fs/fd))× 10−2,
Rη =
B(B0→ J/ψη)
B(B0s→ J/ψη)
= (1.85± 0.61 (stat)± 0.09 (syst)± 0.11 (fs/fd))× 10−2,
Rs =
B(B0s→ J/ψη′)
B(B0s→ J/ψη)
= 0.902± 0.072 (stat)± 0.041 (syst)± 0.019 (B),
R =
B(B0→ J/ψη′)
B(B0→ J/ψη) = 1.111± 0.475 (stat)± 0.058 (syst)± 0.023 (B),
where the third uncertainty is associated with the uncertainty of fs/fd for the ratios Rη(′)
and the uncertainties of the branching fractions for η(′) decays for the ratios R(s). The Rs
determination is in good agreement with previous measurements [14, 16] and has better
precision, and it agrees with calculations from ref. [62].
The ratios Rη′ and Rη allow a determination of the mixing angle ϕP using the expres-
sions
Rη′ =
(
Φη
′
Φη
′
s
)3
tan2 θC
2
tan2 ϕP, Rη =
(
Φη
Φηs
)3 tan2 θC
2
cot2 ϕP, (7.1)
where θC is the Cabibbo angle. These relations are similar to those discussed in ref. [4].
In comparison with eq. (1.2) these expressions are not sensitive to gluonic contributions
and have significantly reduced theory uncertainties related to the B(s) → J/ψ form-factors.
The values for the mixing angle ϕP determined from the ratios Rη′ and Rη are
(
43.8+3.9−5.4
)◦
and
(
49.4+6.5−4.5
)◦
, respectively. An additional uncertainty of 0.8◦ comes from the knowledge
of fs/fd and reduces to 0.1
◦ in the combination of these measurements,
ϕP|Rη(′) = (46.3± 2.3)◦ .
The measured ratios R and Rs, together with eqs. (1.2) and (1.3), give
tan4 ϕP = 1.26± 0.55, cos4 ϕG = 1.58± 0.70.
The contours of the two-dimensional likelihood function L (ϕP, |ϕG|), constructed from
eqs. (1.2) and (1.3) are presented in figure 7. The estimates for each angle are obtained
by treating the other angle as a nuisance parameter and profiling the likelihood with re-
spect to it,
ϕP|R(s) = (43.5+1.4−2.8)◦, ϕG|R(s) = (0± 24.6)◦,
where the uncertainties correspond to ∆ lnL = 1/2 for the profile likelihood. This result
does not support a large gluonic contribution in the η′ meson. Neglecting the gluonic
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Figure 7. Confidence regions derived from the likelihood function L (ϕP, |ϕG|). The contours
corresponding to −2∆ lnL = 2.3, 6.2 and 11.8 (68.3, 95.5 and 99.7 % probability for two dimensional
Gaussian distribution) are shown with dotted green, dashed blue and solid red lines.
component, the angle ϕP is determined using eq. (1.2) separately from the ratios R and Rs
to be (49.9+6.1−11.5)
◦ and (43.4+1.4−1.3)
◦, respectively. The combination yields
ϕP|R(s), ϕG=0 = (43.5+1.4−1.3)◦,
which is consistent with the result from Rη(′) . The measured η–η
′ mixing parameters are
in agreement with earlier measurements and have comparable precisions.
The first evidence for the B0s→ ψ(2S)η′ decay is found. Using eq. (6.3), and combining
the results from sections 5 and 6, the ratio Rψ(2S) is calculated to be
Rψ(2S) =
B(B0s→ ψ(2S)η′)
B(B0s→ J/ψη′)
= (38.7± 9.0 (stat)± 1.3 (syst)± 0.9(B))× 10−2,
where the first uncertainty is statistical, the second is systematic and the third is due to
the limited knowledge of the branching fractions of the J/ψ and ψ(2S) mesons. The mea-
sured ratio Rψ(2S) is in agreement with theoretical predictions [63, 64] and similar to other
relative decay rates of beauty hadrons to ψ(2S) and J/ψ mesons [48, 61, 65–68].
The reported branching-fraction ratios correspond to the decay-time-integrated rates,
while theory predictions usually refer to the branching fractions at the decay time t = 0.
Due to a sizeable decay width difference in the B0s system [69], the difference can be as large
as 10% for B0s→ ψη(′) decays, depending on the decay dynamics [70]. The corresponding
change in the angle ϕP can be up to 3
◦.
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In summary, a study of B0 and B0s meson decays into J/ψη and J/ψη
′ final states
is performed in a data set of proton-proton collisions at centre-of-mass energies of 7 and
8 TeV, collected by the LHCb experiment and corresponding to 3.0 fb−1 of integrated lumi-
nosity. All four B0(s)→ J/ψη(′) decay rates are measured in a single experiment for the first
time. The first observation of the decay B0→ J/ψη′ and the first evidence for the decay
B0s → ψ(2S)η′ are reported. All these results are among the most precise available from
a single experiment and contribute to understanding the role of the strong interactions in
the internal composition of mesons.
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